This secondary analysis of data from the Radiation Doses in Interventional Radiology Procedures (RAD-IR) study was conducted under a protocol approved by the institutional review board and was HIPAA compliant. Dose distributions (percentiles) were calculated for each type of procedure in the RAD-IR study where there were data from at least 30 cases. Confidence intervals for the dose distributions were determined by using bootstrap resampling. Weight banding and size correction methods for normalizing dose to patient body habitus were tested.
F
irst introduced for diagnostic radiologic examinations in the 1990s (1-3), reference levels are a quality assurance and quality improvement tool for controlling radiation dose. They are intended to be a reasonable indication of dose for average-size patients and to provide guidance on what is achievable with current good practice rather than optimum performance (4) .
The use of reference levels has been supported by national and international advisory bodies (5) (6) (7) . These and other organizations have provided guidelines on measuring radiation dose and setting reference levels (1, 3, 4, 8, 9) .
Reference levels for diagnostic radiologic procedures are derived from data collected for standardized examinations performed on a standard-size patient or phantom (10, 11) . This method is not suitable for interventional radiologic procedures, where there is no standard procedure or standard-size patient. These procedures demonstrate substantial variability in radiation dose for individual cases, owing to patient, operator, and equipment factors (2) .
The International Atomic Energy Agency has explored the feasibility of establishing guidance levels for certain cardiac interventional procedures (12) . Researchers in various studies have presented reference levels or radiation doses for cardiovascular procedures (12) (13) (14) (15) and a limited number of interventional radiologic procedures (16) (17) (18) (19) (20) (21) .
U.S.-specific reference levels are not currently available for any interventional radiologic procedures, because of a paucity of dose data. The only large series of radiation dose data in the United States is the Radiation Doses in Interventional Radiology Procedures (RAD-IR) study, which was directed by one of the investigators (D.L.M) of this study. This series contains data from 2142 cases of a variety of interventional radiologic procedures, including many procedures that are of particular interest because they are highdose techniques (22) .
Investigators in the RAD-IR study reported mean, minimum, and maximum radiation doses; however, these data are insufficient for establishing reference levels. Constructing reference levels requires information on dose distribution and the uncertainty of the dose distribution (23) . In the present publication, the RAD-IR study data are used to derive dose distributions, to evaluate methods for dose normalization, and to form the basis of the presentation of proposed reference levels.
Materials and Methods

RAD-IR Study
The RAD-IR study investigators documented radiation doses from certain interventional radiologic procedures. During 1999 -2002, seven academic medical centers in the United States collected radiation dose data for each of 21 different interventional radiologic procedures, as well as for several procedure subsets defined a priori. The results were reported in three parts. Part I (24) provided overall dose data, identified procedures associated with higher radiation doses, analyzed the effect of operator training level on dose, and provided recommendations for recording overall dose. Part II (25) provided skin dose data for a subset of cases. Part III (26) presented the physics data that validated the radiation dose data.
The original RAD-IR study protocol was reviewed and approved by the institutional review board at each participating institution (24, 26) . The secondary analysis reported here was conducted at the National Naval Medical Center, Bethesda, Md. This analysis was reviewed and approved by the institutional review board of the National Naval Medical Center. The study was Health Insurance Portability and Accountability Act compliant.
Dose Metrics
Four radiation dose metrics, in the units provided by the equipment-reference
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Advances in Knowledge
Implication for Patient Care
Ⅲ The proposed initial reference levels will permit individuals and institutions performing interventional radiologic procedures to compare the radiation doses used in their performance of procedures with an external standard.
air kerma in milligrays, kerma-area product (KAP) in centigray-square centimeters, fluoroscopy time in decimal fractions of minutes, and number of fluorographic images-were collected for all 2142 cases. Fluoroscopy time is easy to measure but is not strongly correlated with radiation risk because dose rates for fluoroscopy can be manually or automatically set over a wide range and because a portion of the radiation dose is owing to acquisition of digital images (27) (28) (29) . Reference air kerma and KAP have been devised to better estimate the risk of radiation injury (27) .
KAP, also known as dose-area product or DAP, is the integral of air kerma (the energy extracted from an x-ray beam per unit mass of air in a small irradiated air volume; for diagnostic xrays, the dose delivered to that volume of air) across the entire x-ray beam emitted from the x-ray tube. It is a surrogate measure of the amount of energy delivered to the patient (24) .
Reference air kerma (also known as reference dose, cumulative dose, or cumulative dose at a reference point) is the air kerma accumulated at a specific point in space (the patient entrance reference point) relative to the gantry of the fluoroscopy system (24) . For C-arm fluoroscopy systems, the patient entrance reference point is a point along the central ray of the x-ray beam, 15 cm back from the isocenter toward the focal spot (30) .
Procedures Analyzed
Age, height, and weight were recorded for each examination. To minimize the effects of large variations in subject size on the results, we excluded subjects younger than 18 years old. There were 79 such cases, 49 of which are discussed elsewhere (31, 32) .
Sufficient data (sample sizes Ն30) to develop reasonable 95% confidence intervals (CIs) were not available for all of the procedures in the RAD-IR study database. Some similar procedures (pelvic arterial embolization for trauma or tumor and embolization in the spine for arteriovenous malformation [AVM] or tumor) were grouped together for this analysis to achieve a sufficiently large sample size. Bronchial artery embolization and neuroembolization of spinal lesions were included in this analysis despite sample sizes smaller than 30 because they are potentially highdose procedures and not directly comparable to other embolization procedures. All other tumor embolization cases were 
Normalization of Body Habitus
Patients vary in weight, and entrance radiation dose increases exponentially with body-part thickness. It is desirable to correct for this variation. Weight banding permits restriction of the analysis to subjects with weights between 60 and 80 kg. Size correction allows use of a mathematic transformation to normalize dose data to a standard weight of 70 kg (23, 33, 34) . We tested both methods for normalizing reference air kerma and KAP. Weight banding was performed by limiting the analyses to subjects with weights between 60 and 80 kg (23) .
Size correction was performed as described by Chapple et al (34) . A person's equivalent diameter assumes the person to be a cylinder with the density of water. The energy imparted to an individual correlates better with the individual's equivalent diameter than with the individual's weight (33) . Equivalent diameter is calculated as d e ϭ 2(W/H) 1/2 , where d e is equivalent diameter, W is weight in grams, and H is height in centimeters. Reference air kerma and KAP values can be normalized to the values expected for the reference man defined by the International Commission on Radiological Protection by using a size correction factor F,
where d eref is the equivalent diameter of reference man (22.9 cm), d emea is the calculated equivalent diameter of the subject, and k is a constant, determined experimentally, that reflects changes in dose for subjects of different sizes owing to changes in kilovolt, milliampere, and spectral filtration settings resulting from automatic changes in fluoroscopic and fluorographic technique for thicknesses of different parts of the body (35). The larger the value of k, the more rapidly radiation dose increases with increasing patient thickness.
The data collected with each fluoroscopy unit in the RAD-IR study were used to calculate k, as described by Chapple et al (34) . Details of the data collection are provided elsewhere (26) . For each imaging plane, reference air kerma was measured with 10, 20, and 30 cm of polymethylmethacrylate in the beam during fluoroscopy and during image acquisition. Sixty-four sets of measurements were available for use in the calculation of k-initial and final comprehensive dosimetry evaluations for each of the 16 imaging planes for fluoroscopy (32 sets of measurements) and 32 sets of measurements for image acquisition.
Three methods were tested for calculation of k. Each of the 12 rooms for interventional fluoroscopy was considered a separate site. For the simplest method, the uniform method, k was calculated for each of the 64 sets of measurements, and the average of the 64 values was used. For the site-specific average method, all of the k values derived from the fluoroscopic and image acquisition measurements from a site (including the lateral plane in a biplane fluoroscopy room) were averaged to determine a site-specific value of k. This k value was used to normalize the reference air kerma and KAP for subjects examined at each site. For the sitespecific combined method, k values derived from the fluoroscopic and image acquisition measurements from a site (including the lateral plane in a biplane fluoroscopy room) were used to calculate separate values of k for fluoroscopy and for image acquisition. The simple average Values for 10th, 25th, 50th, 75th, and 95th percentiles for distribution of KAP (gray-square centimeters) for 125 hepatic chemoembolization procedures. Distributions were determined by using three methods for size correction and one method for weight banding and are compared with values not corrected for patient body habitus. Bars indicate 95% CIs for each percentile. Size-corrected values are lower than values corrected for weight banding and values not corrected for body habitus. Values corrected by using weight banding tended to be larger and had larger confidence intervals than those determined by using size correction. There is no significant difference between values obtained with weight banding and uncorrected values.
of these two values of k was then used to normalize the reference air kerma and KAP for subjects examined at each site. The site-specific methods might have greater accuracy if k varies among fluoroscopy rooms.
Dose Distributions
Radiation dose data are not normally distributed. Usual methods for determining 95% CIs are not applicable to these dose data (23) . Bootstrap resampling is an effective nonparametric method for calculating 95% CIs for these data and does not require an assumption of a normal distribution (23) . This method draws multiple random samples, with replacement from the parent population, and produces an estimate of the sampling distribution, the bootstrap distribution, from which better estimates of the standard errors can be obtained (36) .
Bootstrap resampling was performed according to the method of Efron and Tibshirani (36). For each procedure or procedure group, we made 1000 bootstrap subsamples, with replacement from the original data, and estimated quantiles and 95% CIs from the bootstrap distribution.
Density curves describe the overall shape of the distribution of the data. A histogram is a simple estimate of density. Kernel density estimation provides a smoother density estimate. A kernel is a symmetric weighting function in which area is unity. Although a histogram is created by binning data into bins of fixed width, kernel density estimation places a kernel function at each data point and sums the result. The smoothness of the kernel density estimate depends on bandwidth, with smoother estimates resulting from larger bandwidth kernels. We used a Gaussian kernel with a bandwidth of 0.25 for reference air kerma and of 40 for KAP.
Results
Dose distributions for the 21 procedures and procedure groups, uncorrected for body habitus, are given in Table E1 (online) for reference air kerma, in Table E2 (online) for KAP, in Table E3 (online) for fluoroscopy time, and in Table E4 (online) for the number of fluorographic images.
The mean weight of the 2063 adult subjects in the RAD-IR study database is 79 kg. The weight distributions for patients undergoing various procedures are shown in Table 1 . Weight distribution was normal for only three of the 21 procedure groups. Median weight exceeded the standard 70 kg in all but one of the 21 procedure groups and exceeded 80 kg in six procedure groups. Weight-banding resulted in a two-to threefold decrease in sample size for each procedure group and a 60% decrease in overall sample size from 1957 to 787 subjects (Table 1) .
Size correction required calculation of k. ). The three methods for size correction yielded similar results, with overlapping 95% CIs. Figure 1 presents the results for a typical procedure. The weight-banding method yielded dose distributions with much wider 95% CIs, because of the smaller number of data points. Weightbanding values could be larger, smaller, or approximately the same as those obtained with size correction (Fig 2) . As shown in Figures 1-3 , uncorrected values were usually, but not always, greater than those obtained with size correction or weight banding. Differences were typically not significant. For body parts, such as the head, where size changes relatively little with body weight in adults, size correction and (Fig 4) . Density plots for hepatic chemoembolization data (Fig 5) demonstrate the effect of size correction. Table 2 presents 75th percentile reference air kerma and KAP for the various procedure groups in the RAD-IR study, with size corrected with the uniform method. Size correction was not necessary for fluoroscopy time or number of images. Table 3 
Discussion
To use reference levels as a quality improvement tool, institutions or individual practitioners collect radiation dose data for cases of a procedure performed in their own practice. The recommended number of cases varies from 10 to more than 50, with the latter number suggested because of the high individual variability of cases of image-guided interventional procedures (1, 19) . The mean radiation dose for the procedure is then compared with the reference level. If it exceeds the reference level, the fluoroscopy equipment should be investigated. If the fluoroscopy equipment is functioning properly and within specification, procedure protocols and operator technique should be examined (37) (38) (39) .
Reference levels are a guide to good practice, but they are neither dose limits nor threshold levels that define competent performance of the operator or the equipment (40) . Reference levels do not apply to individual cases. If the radiation dose for a specific case or the mean dose for a number of cases of a procedure exceeds the reference level, it does not mean that the procedure or procedures have been performed improperly. Similarly, a mean dose for a procedure that is less than the reference level does not guarantee that the procedure is being performed optimally (39) .
In Europe, KAP is commonly used for (40) . An International Atomic Energy Agency study recommends the 10th percentile (termed an "action level," as opposed to a reference level) as an appropriate action level at which to initiate an evaluation of image quality (12) . If the mean dose at the local institution is less than the 10th percentile for the same procedure in the population used to define reference levels, evaluation of image quality should be performed (12) .
The dose rate for fluoroscopy and the dose for fluorography are both dependent, in part, on the thickness of the body part being imaged (41) . U.S. and European populations differ in weight. In a United Kingdom series, the range in mean weight of the four groups of patients undergoing fluoroscopic procedures (9477 patients in total) was 66 -69 kg (34) . In a Belgian series, the mean weight of 7514 patients was 73 kg (42) . In our series, however, the mean weight of the adult subjects was 79 kg (Table 1) .
For six (29%) of our 21 subgroups, the mean weight was greater than 80 kg; the mean weight was less than 70 kg for only one (5%) subgroup (Table 1) .
To compare radiation dose among populations, it is necessary to normalize reference air kerma and KAP data by compensating for differences in patient size. This normalization is not necessary for fluoroscopy time or the number of images obtained, because these two dose metrics are not affected by the thickness of the body part.
We evaluated several methods for normalizing body habitus. Weight banding is the simplest method. With a large data set, weight banding appears to reduce the standard deviation of the data more successfully than does size correction by using equivalent diameters (23) .
Unfortunately, weight banding requires that large amounts of data be discarded and results in wide 95% CIs. In general, there were no significant differences between the values for the distribution percentiles obtained with weight banding and the uncorrected values (ie, the 95% CIs overlapped). Weight banding is not useful for small sample sizes.
Size correction permits efficient use of dose data but is cumbersome for individual institutions to implement. A medical physicist needs to determine k, and the correction must be calculated for each patient. Individual practitioners and smaller institutions are unlikely to have resources readily available to use size correction. The method is useful, however, to compare regional or national reference levels. We observed no significant differences in the results obtained from the three methods for applying k. The simplest method-the uniform method-is adequate. Because weight banding only normalizes weight, whereas size correction also eliminates the dose increase caused by automatic adjustments in fluoroscopic and fluorographic technique, the distribution percentiles are lower for size correction than they are for weight banding.
For individual practices in the United States, it is sufficient to use reference levels that have not been corrected for patient body habitus. Recording patient weight may be useful. If the mean weight of the patients in the individual's practice is greater or less than that observed in the RAD-IR study, reference levels may need to be adjusted toward the upper or lower bound of the 95% CI, as appropriate. This approach, while less accurate than size correction, is much simpler. Our results can be compared with those of others. We determined a mean value of k of 0.1634 cm
Ϫ1
. Values of 0.14, 0.158, and 0.26 cm Ϫ1 have been reported in the literature (34, 42, 43) .
A limited comparison between 75th percentile dose data from the United States and data determined in other countries is possible. In European surveys, dose data are often given only for KAP. Table 4 shows the comparison of size-corrected and uncorrected 75th percentile dose data from this study with 75th percentile dose data from other countries and Europe (16, 17, 19, 42, 44, 45) . Substantial variability is evident. Our data are generally within the range of other reported data. Sufficient data exist to permit an initial proposal of values for reference levels for interventional radiologic procedures in the United States.
Only limited comparison is possible between the proposed U.S. reference levels and reference levels determined for practice elsewhere (19) (20) (21) . Reference levels have not been published for most of the procedures in our series. Where comparative data exist, the procedures are defined somewhat differently and there are different methods for specifying reference levels. The third quartile (75th percentile) often is used to establish reference levels (21) . However, Marshall and colleagues (23) recommend using the upper confidence limit of the 75th percentile of the dose distribution for procedures with wide variation in patient dose resulting from complexity. This avoids excessively stringent reference levels caused by sampling limitations in the data. We have adopted a compromise between these positions. To the extent that comparison is possible, initial reference levels proposed for the United States are comparable to European reference levels for fluoroscopy time. Proposed initial U.S. reference levels permit a larger number of images and a greater radiation dose (Table 5) . This finding is, in part, caused by both the larger body habitus of the U.S. population and the greater number of images per case in the United States. The finding might also be a result of higher dose rates for fluoroscopy in the United States. Other explanations must also be considered. Differences in procedure definitions, dose data not corrected for patient size, a heavier U.S. population, relatively small sample sizes (with resultant large 95% CIs), and reference levels constructed differently all contribute to reference levels that are relatively large compared with European values. However, reference levels are not intended to indicate an optimum level of radiation dose but are a guide to the borderline between acceptable and unacceptable radiation dose management practices (1) .
Results of a comparison of U.S. and European reference levels for these procedures suggest that there is room for improvement in U.S. practice and help define where improvement efforts should be directed. These results also highlight the value of establishing reference levels for multiple dose metrics.
We expect that U.S. reference levels will decrease over time as outlier institutions improve their equipment and practices. In the United Kingdom, reference levels derived from data in the 2000 review are approximately 20% lower than those derived from data in the 1995 review and are approximately one-half of those determined in the mid1980s (46) .
The RAD-IR study data are subject to a number of limitations. First, all dose data were collected from academic medical centers in relatively large metropolitan areas. The doses might be higher than those collected from cases of procedures performed at nonacademic sites or institutions in areas of smaller population, because the cases of procedures performed at academic referral centers may be more complex and because less-experienced operators (trainees) tend to use more time and radiation to perform procedures than do experienced interventional radiologists (17, 47) . Doses might also be too low, because the staff interventional radiologists who performed these procedures were highly trained and experienced individuals who knew that the radiation doses for these procedures were being recorded (48) .
Second, all procedures were performed with equipment from a single manufacturer (Siemens Medical Systems, Malvern Pa) equipped with dose-reduction technology. All of the fluoroscopy units used in the RAD-IR study were equipped with image intensifiers. When these data were collected, the equipment was state of the art. More modern fluoroscopy units have solid-state flat-panel detectors that may permit lower patient radiation doses (49, 50) .
Third, all fluoroscopy units were carefully evaluated at the beginning and end of the RAD-IR study. The accuracy of the integrated dosimeters was also checked periodically (26) . Procedures performed with other equipment, performed with equipment without the same integrated dose reduction technology, or performed with equipment less carefully (19) . † Data are from Hart et al (20) . ‡ Data are from Vano et al (15) . § Data are from Aroua et al (21) .
and consistently maintained may result in higher patient radiation doses. Fourth, the fluoroscopy equipment used for the procedures in the RAD-IR study is now at least 7 years old, and the procedures were performed between 7 and 10 years ago. Although similar equipment is still in common use in the United States, newer equipment, improved techniques, and greater awareness of radiation dose concerns may now allow some procedures to be performed with lower doses owing to advances in technology. There have also been advances in medical devices since the RAD-IR study was conducted, leading to changes in the way some procedures are performed.
Fifth, the sample sizes in the RAD-IR study are substantially smaller than those used for determination of national reference levels in other countries. Marshall and colleagues (23) consider that radiation dose data from at least 100 patient examinations, performed in several fluoroscopy suites, are needed for a reasonably well-defined reference level. Ideally, reference levels for a procedure should be based on data from at least 20 fluoroscopy units, with 10 cases of procedures performed by using each unit-a minimum of 200 cases (42) . Series from other countries have included data on more than 7500 examinations (34, 42) . With fewer data points, 95% CIs become much larger.
There is a clear need for a U.S. national registry of radiation dose data for interventional procedures. This registry should also include more commonly performed, lower-dose procedures, such as central venous catheter placement (51) . Continuous collection and analysis of data over time from a large number of institutions will undoubtedly permit considerable refinement in reference levels.
